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Neurotoxic, reproductive, and carcinogenic effects are potentially important health end points in epidemiological studies of complex mixtures, particu-
larly when such mixtures contain volatile organic compounds or trace metals. Epidemiological studies of neurotoxicity often will require direct clini-
cal, behavioral, and/or physiological testing of study subjects, because these effects are likely to be subtle and not identifiable as clearly defined
diseases. Peripheral nervous system toxicity can be assessed by clinical neurologic examinations, by electrophysiological tests of nerve conduction,
and by physiological tests of thresholds for neurosensory perception, though these tests require considerable standardization for use outside the clin-
ical setting, and most of the available tests have not been assessed for their utility in detecting effects of neurotoxic exposures. Neurobehavioral
effects of exposures to solvents, as examples of complex mixtures, have been studied widely; but batteries of tests are often used, and these have
not been well standardized and are generally unfamiliar to most research investigators in this area. Recently standardized neurobehavioral test sys-
tems developed by the World Health Organization and by a U.S. group for use in field studies, show promise in detecting neurobehavioral effects at
relatively low environmental exposures. Similarly, new and sensitive measures of disturbed reproductive function, such as time-to-conception and
biochemical indices of early pregnancy loss, are affected by some low-concentration environmental agents; but those measures have not yet been
applied to studies of complex mixtures. Because of the long latency problem and small expected relative risks, population- or community-based stud-
ies of the carcinogenic effects of complex mixtures are unlikely to yield data of adequate quality tojustify more than exploratory studies of carcinogens
in ambient air. - Environ Health Perspect 101(Suppl 4):183-186 (1993).
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Introduction
The objective here is to consider the feasibility
ofperformiing and using epidemiological stud-
ies ofneurotoxic, reproductive, and carcino-
genic effects inpopulations to assess thehuman
health consequences of exposure to indoor air
and other complex mixtres ofair pollutants.
The rationale forconsidering effects other than
nonmalignant respiratory effects ofair pollu-
tants may be quite obvious but worth express-
ing The primary effect ofthe most commonly
studied air pollutants, such as fine particulates
and ozone, is directly on respiratory tissue.
However, carbon monoxide and lead are two
primary air quality pollutants that affect other
organ systems. Mixtim ofair pollutants con-
taining these compounds or other trace metals
orvolatile organic compounds also are liklly to
induce nonmal t effects in organ systems
other than the respiratory. Epidemiological
tools are nowreasonablyavailable tostudy neu-
rotoxic, reproductive, and carcinogeiic effects.
Effects on other tissues or organ systems
such as the liver, kidney, skin, endocrine,
and immune systems also are possible, but
considerable methods development is nec-
essary before these categories of effects can
be studied systematically in populations.
Neurotoxic Effects
Soure ofDa
Unlike cancer and birth defects, there are no
regional or national registries for neurological
diseases. Medical records fromhospital admis-
sions or medical insurance claims may be
acceptable sourcesforstudies ofenvironmental
factors in the etiology ofdefined diseases such
as Parkinson's or Alzheimer's, but the major
problem in epidemiological studies ofthese
chronic neurological disorders is the probable
latency between etiological exposures and dis-
ease manifestation. Some neurotoxic effects,
such as disturbance in cognition or in nerve
conduction, may be linked dosely in time to
environmental exposures, but these effects are
likely to be subde and insidiously manifisted,
and they are not identifiable as dearly defined
diseases. Acute pesticide poisonings, usually
due to organophosphate toxicity, are reported
in some states, but reported episodes are
thought to underetimate greadythe true inci-
denceofsuch events. Ingeneral, in contrast to
cancerandsomereproductiveeffects, epidemi-
ological studies ofneurotoxicity induced by
complex mixtures will require direct clinical,
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behavioral, and/or physiological testing of
studysubjects by the investigator. Exceptions
to this general statement are potential
case-control studies ofdefined clinical neu-
rological diseases such as Alzheimer's,
Parkinson's, and other entities, though there
is litde likelihood that retrospective estimates
of determined exposures to complex mix-




For this discussion, it is assumed that typical
ambient and indoor concentrations of com-
plex mixtures containing neurotoxic compo-
nents will not cause acute toxicity, but rather
that the investigator will attempt to evaluate
the effect of low concentrations of agents
such as solvents, agricultural chemicals, other
volatile organics, or trace metals in the indoor
or ambient environment. Two primary
classes ofneurotoxic effects can be studied in
population groups: peripheral nervous system
toxicity, and neurobehavioral impairment
reflecting central nervous system toxicity.
Peripheral nervous system toxicity can
be assessed by dinical neurological exami-
nation, by electrophysiological tests of
nerve conduction velocity, and by tests of
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thresholds for neurosensory perception
(e.g., visual, hearing, odor, and cutaneous
vibration thresholds). The clinical neuro-
logical examination has the disadvantage of
requiring highly skilled clinicians who are
notoriously difficult to standardize in their
procedures, and the results are only semi-
quantitative at best. There is no evidence
that clinical examinations have detected
early effects ofneurotoxic exposures. Tests
of nerve conduction velocities are fully
quantitative and can be performed by
trained technicians using standardized
techniques. Such tests have been used to
detect early effects of increased lead expo-
sures among workers (1,2). A distinct dis-
advantage of nerve conduction tests is that
they can be uncomfortable and therefore
poorly received by test subjects. Tests for
changes in hearing thresholds are very com-
mon and well standardized but have not
been used often in epidemiological investi-
gations of potential neurotoxic exposures.
Tests of thresholds for visual, odor, and
cutaneous vibration thresholds (3) are used
less frequently, but the potential for stan-
dardization and use by trained technicians is
clearly present. There is as yet little data
for assessing the utility of neurosensory
threshold tests for detecting the effects of
environmental neurotoxin exposures.
The neurobehavioral effects of exposure
to solvents (4-6) and to lead (7,8) have
been evaluated in a considerable number of
epidemiological studies. A wide range of
impairments can be addressed, such as alter-
ations in memory, learning, cognition,
mood, attention, and neuromuscular perfor-
mance (e.g., eye-hand coordination).
Neurobehavioral function can be studied by
means of questionnaires and by objective,
physiological, and psychological tests. A
major problem with their use in epidemio-
logical studies has been a lack ofstandardiza-
tion oftest batteries and a lack offamiliarity
with the use of these tests for field studies.
These problems are being addressed, how-
ever, at the national and international level.
The World Health Organization (WHO)
(9) has developed a well-validated neurobe-
havioral test battery, the Neurobehavioral
Core Test Battery, comprising measures of
auditory memory, affect, manual dexterity,
visual perception and memory, attention and
response speed, and perceptional motor
speed. The disadvantage ofthe test battery is
that it requires 50 min per subject and a
highly trained test administrator. A second
test batteryhas been developed in the United
States (the Neurobehavioral Evaluation
System [NES]) by Baker et al. (10). This
battery tests the same functional domains as
the WHO Core Battery, requires the same
length oftime, but is computerized and thus
does not require the presence or administra-
tion of a highly trained test administrator.
The NES holds great appeal because multi-
ple subjects can be tested simultaneously and
results are scored and tabulated immediately
bycomputer linkage.
Epidenmiological Applications
Cross-sectional studies of lead-exposed
workers have shown a variety of neuropsy-
chological effects quantitatively related to
blood lead levels (11-15). Needleman et al.
(16) and Bellinger et al. (17) performed
longitudinal studies on the growth in cogni-
tive function of children exposed to rela-
tively low to moderate ambient lead
concentrations; these studies provide evi-
dence for small but important decrements in
the development of cognitive and neurobe-
havioral function in children who had nor-
mal to high-normal blood leads in the first
years of life. Relatively few longitudinal
studies of lead-exposed adults have been
reported. One example is a study by Baker
et al. (7) suggesting an improvement in
neurobehavioral function in a cohort of
workers exposed to lead at a foundry in
which hygienic conditions were significantly
improved.
Several reports from Scandinavia (18)
illustrate epidemiological studies designed
to assess the long-term neurobehavioral
effects of complex mixtures, including car-
bon disulfide in textile plants and solvents
in paints. In several studies, psychomotor
and intellectual functions ofexposed work-
ers were affected, and on the whole, higher
intellectual functions seemed to be more
affected by exposure than psychomotor per-
formance. Gamberale (18) notes that while
some aspect of neurobehavioral perfor-
mance was found to be impaired in the
great majority ofstudies, differences in test
results between exposed and nonexposed
groups ofworkers sometimes disappeared
when the groups were matched on intellec-
tual level. Differences still persisted in tests
of reaction time, which are not correlated
with intellectual level.
Because our focus ofconcern here is on
low-level indoor and ambient exposures, it is
more likely that serial tests ofthe same per-
sons will be necessary to detect neurotoxic
effects. Investigators will have to identify
population groups, particularly workers, in
whom preexposure and postexposure test
results can be compared. Alternatively,
results obtained during and after termina-
tion of exposure may be compared. This
strategy avoids some ofthe serious selection
biases encountered in cross-sectional studies
of populations, in which exposure can
induce selective loss of susceptible persons.
A distinct advantage ofneurotoxic studies is
that the tests may be sensitive enough to
detect effects with a minimal latency, thus
allowing estimates of exposure to be made
from concurrent measurements. Like cross-
sectional studies, case-control strategies have
the inherent problem of addressing past
exposures; and for many neurological
impairments, cases are difficult to identify
from medical records.
Recommendaton
Because volatile organic compounds and
trace metals may often appear as compo-
nents of complex mixtures and because
these substances include known or poten-
tial neurotoxins, neurotoxic effects should
be evaluated intensively in exposed popula-
tions. Standardized test batteries are now
available for such studies, but they have not
been used widely; and although standard-
ized, their efficacy for evaluating low-level
neurotoxic exposures has not been vali-
dated. The topic is broad and important
enough to warrant its own workshop.
Multiple issues need to be addressed, such
as training of neuroepidemiologists, dis-
semination ofinformation on the availabil-
ity and applications of neurotoxic testing,
methodological studies to determine
whether some subsets of the lengthy test
battery are appropriate particularly for low-
level combined mixtures, and requests for
applications (RFAs) to foster interdiscipli-
nary epidemiological studies of neurotoxic
exposures. Neuroepidemiology is not a
developed subspecialty of epidemiology
compared with levels of activity in the
developing areas ofbiochemical, reproduc-
tive, and pharmacoepidemiology, to say
nothing ofthe well-developed fields ofcar-
diovascular, cancer, and infectious disease
epidemiology. Several federal agencies
have a legitimate reason for promoting the
development of neuroepidemiological
research; these include the National
Institute ofEnvironmental Health Sciences
(NIEHS), National Institute ofNeurological
Disorders and Stroke (NINDS), United
States Environmental Protection Agency
(EPA), National Institute of Occupational
Safteyand Health (NIOSH), andAgencyfor
Toxic Substances and Disease Registry
(ATSDR). The Health Effects Institute
could bring together representatives from
these agencies, alongwith appropriate acade-
mic disciplines, in a workshop on the devel-
opment and use of neuroepidemiological
studies ofenvironmental exposures.
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Several states now have birth defects reg-
istries. Some reproductive outcomes, such
as birth weight and gestational age, are
listed on birth certificates. Hospital and
clinic records are sources ofinformation on
clinical spontaneous abortions, complica-
tions of pregnancy, (preeclampsia, abruptio
placenta, etc.), length ofgestation, APGAR
scores at birth and overt congenital defects
at birth. An increasing number of ultra-
sound tests and amniocenteses are being
performed in utero, and these tests provide
additional data on fetal development.
RanW ofReproductive Effe forUse
inEpidemiological Stdies
Although birth defects, birth weight, and
clinical spontaneous abortions are the most
frequent reproductive outcomes considered
in epidemiological studies, they may not be
sensitive to low-level exposures. Detecting
changes in birth defect rates requires very
large study populations, and thus studies of
environmental exposures and birth defects
are often infeasible. Birth weight is a quan-
titative outcome and, as such, provides ade-
quate sample sizes for detecting small
effects. However, racial and socioeconomic
factors are strong epidemiological determi-
nants ofbirth weight, and there is little evi-
dence that environmental chemicals
contribute to variations in the population
distribution ofbirth weights. Clinical spon-
taneous abortions probably reflect less than
half of all spontaneously terminated preg-
nancies; epidemiological methods now
exist to detect very early pregnancy losses
but have not been applied to study envi-
ronmental exposures. Several studies have
used time-to-conception as a quantitative
measure of subfecundity and have demon-
strated an effect of cigarette smoking (19)
and of the anesthetic gas, nitrous oxide
(20). Disturbances ofmenstrual cycles and
of sperm counts and sperm mobility are
known to be induced by environmental
factors, but these effect measures also are
relatively new and are not validated.
Overall, rapid developments are taking
place in the reproductive biology disci-
plines, and these are providing new tools
for epidemiological assessment of repro-
ductive effects. Several of these tools are
now ready for application to populations
exposed to potential reproductive toxins in
the environment, and the number ofquali-
fied investigators and ofstudies in progress
indicates that this will be a fruitful area of
research throughout this decade. The
entire spectrum ofreproductive effects from
preconception events through conception,
pregnancy, and early childhood develop-
ment is essentially unexplored in terms of
sensitivity to environmental exposures.
Recommention
Epidemiological measures of reproductive
effects are available, and their utility in epi-
demiological studies has been well demon-
strated (21). On a national scale, more
effort is being put into reproductive epi-
demiology than into neuroepidemiology.
However, the newer and potentially more
sensitive measures of reproductive func-
tion, such as biochemical indices of early
pregnancy loss and menstrual cycle distur-
bances, have not been applied to environ-
mental exposures. Some distinct advantages
ofthese end points are that latency is short,
contemporaneous exposures are relevant,
and they are common events. Although lab-
oratory research on specific exposures and
reproductive outcomes is clearly desirable,
human studies need to proceed simultane-
ously because environmental complex mix-
tures cannot be readily reproduced in the
laboratory, and variations in human versus
animal susceptibility are not understood
well enough to make confident extrapola-
tions from animal models. Therefore,
applications of the newer and potentially
more sensitive measures of reproductive
outcomes to selected population exposures
should be encouraged. Methodological
and applied epidemiological research is




The majority of states now have statewide
cancer registries, though many of these are
in the first years of implementation.
Tumor registries at teaching hospitals and
medical records at all hospitals are impor-
tant data sources for case-control studies of
cancer risks. However, the major obstade
to effective use of these registries and data
bases is the time lag between first diagnosis
and entry of cases into the registry. To
obtain useful information on environmental
and occupational exposures ofcases, often it
is necessary to interview cases directly and
to do so while they are still able to be inter-
viewed. Thus, the time lag between diag-
nosis and interview is critical, and requires
case identification more rapidly than most
cancer registries function. Ideally, cases
would be interviewed while they are still in
the hospital for their first evaluation.
Methods have been used at some research
centers to administerstandardized question-
naires to all patients admitted for a cancer
work-up, and these data have been fruitful
for exploring various environmental risk
factors. However, the most abundant
source ofevidence on specific environmen-
tal risk factors has been industrial cohort
studies in which exposure estimates are
based on the work history ofcases and con-






munity-based studies in contrast to occupa-
tional cohort studies are unlikely to yield
exposure data ofadequate detail or quality to
justify more than exploratory studies ofcar-
cinogens in ambient air. The major obstades
to definitive studies in the general community
environment are longlatencies; small expected
relative risks; a low proportion ofthe popula-
tion exposed to specific and dearly defined
complex mixtures; difficulty in estimating
these exposures for past decades with any
degreeofspecificity-, andhighmobilityofpop-
ulations between various home, work, and
geographical environments. A few reasonably
common and measurable exposures to envi-
ronmental carcinogens (proven or potential)
have been assessed in communitystudies (e.g.,
indoorradon, electromagneticfields, and envi-
ronmental tobacco smoke). Most complex
mixtures in indoor or ambient air are unlil"y
to be as common as these three risk factors or
as amenable to drawing distinctions between
exposed and nonexposed persons in the com-
munity environment. The most feasible epi-
demiological investigations of complex
mixtures containing carcinogens are likely to
be studies ofdefined occupational cohorts,
among whom at least qualitatively distinct
exposure groups can be identified and for
whom records ofcumulative exposure are
available. A relatively recent example is the
NIOSH study oflaryngeal cancer and acid
mist exposures ofsteel workers involved in
pickling operations (22).
While occupational cohort and case-con-
trol studies offer the greatest promise for ana-
lytical epidemiological studies of complex
mixtures, there is a need to develop and
apply to exposed community-populations
studies of the occurrence of biological
markers of carcinogenic exposure.
Typically, communities adjacent to toxic
waste sites or to point sources that process
toxic wastes, such as incinerators and
chemical treatment facilities, are concerned
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about cancer risks. Epidemiological studies
ofcancer risks per se are practically infeasi-
ble in these environments due to inade-
quate populations at risk, undefined
exposures, and short time since first expo-
sure. However, it is feasible to study the
biological uptake ofsome of the associated
compounds in these populations. Thus a
battery of biological markers might be a
useful epidemiological tool to evaluate the
potential for human exposures at these sites.
Reommendato
Occupational cohorts should be charac-
terized with respect to exposures to carcino-
genic complex mixtures that occur in indoor
or ambient air environments. These cohorts
should be the first choice for epidemiologi-
cal studies of the potential carcinogenic
effect ofthese mixtures.
Batteries of biological markers of car-
cinogenic exposures should be developed
for use in epidemiological evaluations of
populations exposed to point sources of
complex mixtures containing suspected
human carcinogens. °g
REFERENCES
1. Seppalainen AM, Hernberg S. Subclinical lead neuropathy. AmJ
Ind Med 1:413-420 (1980).
2. Singer K,ValciukasJA, Lilis R. Leadexposure and nerveconduction
velocity: the differential time course ofsensory and motor nerve
effects. Neurotoxicology 4:193-203 (1983).
3. GoldbergJM, LindblomU. Standardizedmethodofdeterminingvibra-
tory perception thresholds fordiagnosis and screening in neurological
investigation. JNeurol Neurosurg Psychiatry42:793-803 (1979).
4. Olson BA. Effects oforganic solvents on behavioral performance of
workers in the paint industry. Neurobehav Toxicol Teratol
4:703-708 (1982).
5. Maizlish NA, LangolfGD, Whitehead LW, Fine LJ, Albers JW,
GoldbergJ, Smith P. Behavioural evaluation ofworkers exposed to
mixtures oforganic solvents. BrJ Ind Med 42:579-590 (1985).
6. KrautA, Lilis R, Marcus M, ValciukasJA, WolffMS, Landrigan PJ.
Neurotoxic effects ofsolvent exposure on sewage treatment workers.
Arch Environ Health 43:263-268 (1988).
7. Baker EL, White RF, Pothier LJ, Berkey CS, Dinse GE, Travers
PH, Harley JP, Feldman RG. Occupational lead neurotoxicity:
improvement in behavioral effects after reduction ofexposure. BrJ
Ind Med 42:507-516 (1985).
8. WilliamsonAM, Teo RKC. Neurobehavioral effects ofoccupational
exposure to lead. BrJ Ind Med43:374-380 (1986).
9. WorldHealthOrganization. Principlesandmethodsforassessmentof
neurotoxicity associated with exposure to chemicals. (Environmental
Health Criteria, 60). Geneva: World Health Organization, 1986.
10. Baker EL, Letz R, FidlerAT. Acomputer-administered neurobe-
havioral evaluation system for occupational and environmental epi-
demiology. J Occup Med 27:206-212 (1985).
11. Grandjean P, Arnvig E, Beckmann J. Psychological dysfunction in
lead-exposed workers: relation to biological parameters ofexposure.
ScandJ Work Environ Health 4:295-303 (1978).
12. Hanninen H, Hernberg S, Mantere P, Vesnato R, Jalkanen M.
Psychological performance ofsubjects with low exposure to lead. J
Occup Med 20:683-689 (1978).
13. Repko JD, Corum CR, Jones PD, Garcia LS. The effects ofinor-
ganic lead on behavioral and neurologic function (Publication No
78-128). U.S. Department ofHealth, Education, and Welfare,
National Institute ofOccupational Safety and Health, Cincinnati,
OH, 1978.
14. ValciukasJA, Lilis R, EisingerJ, BlumbergWE, FischbeinA, Selikoff
IF. Behavioral indicators oflead neurotoxicity: results ofa clinical
field survey. IntArch Occup Environ Health 41:217-236 (1978).
15. Baker EL, Feldman RG,White RA, HarleyJP, Niles CA, Dinse GE,
Berkey CS. Occupational lead neurotoxicity: a behavioral and elec-
trophysiological evaluation. Studydesign and year one results. BrJ
IndMed 41:352-361 (1984).
16. Needleman HL, Schell A, Bellinger D, Leviton A, Allred EN. The
long-term effects ofexposure to low doses oflead in childhood. An
11-year follow-up report. N EnglJ Med 322:83-88 (1990).
17. Bellinger D, Leviton A, Waternaux C, Needleman H, Rabinowitz
M. Low-level lead exposure, social class, and infant development.
Neurtoxicol Teratol 10:497-503 (1988).
18. Gamberale F. Use ofbehavioral performance tests in the assessment
of solvent toxicity. Scand J Work Environ Health 11 (Suppl
1):65-74 (1985).
19. Baird DD, WilcoxAJ, Weinberg CR. Use oftime to pregnancy to
studyenvironmental exposures. AmJEpidemiol 124:470-480 (1986).
20. RowlandAS. Baird DD, Weinberg CR, Shore DL, ShyCM,Wilcox
AJ. Reduced fertility amoung women employed as dental assistants
exposed to high levels of nitrous oxide. N Engl J Med
327(14):993-997 (1992).
21. Kallen B. Epidemiology ofhuman reproduction. Boca Raton, FL:
CRC Press, Inc., 1988.
186 Environmental Health Perspectives Supplement
Volume 101, Supplement4, December 1993